1. Introduction {#sec1}
===============

Various types of mechanosensitive (MS) channels are present in virtually all living organisms and detect forces due to mechanical stimulus such as touch, hearing, turgor, and osmotic change \[[@B1]--[@B6]\]. The bacterial MS channels of small (MscS) and large (MscL) conductance are considered to act as a "safety valve" to protect cells from lysis upon osmotic downshock by releasing osmolytes \[[@B7]--[@B9]\].

MscS is directly activated by membrane stretch \[[@B10]\] and the gating is modulated by membrane voltage \[[@B11]--[@B13]\]. The MscS crystal structure resolved at 3.9 Å shows that MscS is a homoheptamer of a subunit with three TM helices (TM1, TM2, and TM3). A large cytoplasmic vestibule with seven side portals and a distal entrance possibly acts as a molecular prefilter for ion permeation \[[@B14]--[@B18]\]. MscS has a conductance of \~1 nS and has a slight preference to anions as the permeable ions \[[@B10], [@B11]\].

MscS shows marked voltage-dependent inactivation under depolarizing conditions \[[@B13], [@B19]--[@B22]\]. Inactivation is facilitated when an electrostatic interaction between TM and cytoplasmic domains is disrupted \[[@B21]\]. The arginine residues at positions 46 and 74 in TM1 and TM2, respectively, of MscS have been predicted as the candidates for voltage sensor taking into account that the voltage-gated Na^+^, K^+^, and Ca^2+^ channels have an array of arginine residues especially in the fourth TM segment (S4) that carries most of the gating charge as the voltage sensor \[[@B23]--[@B27]\] ([Figure 1](#fig1){ref-type="fig"}). Arg-54 in TM1 may also be susceptible to membrane voltage since it is embedded in lipid bilayer in the modeled structure \[[@B28]\]. However, these arginine residues have not been examined in the context of voltage-dependent inactivation \[[@B13], [@B19]--[@B21], [@B29]\].

In the present study, we investigated whether or not the three charged residues (R46, R54, and R74) in the TM1 and TM2 domains of MscS are involved in the voltage-dependent inactivation by using patch-clamp technique and hypoosmotic shock experiment. Our results suggest that voltage-dependent inactivation occurs independently of the positively charged residues in the TM domains of MscS.

2. Materials and Methods {#sec2}
========================

The*Escherichia coli* strain PB111 (Δ*mscS*) and MJF455 (Δ*mscL*Δ*mscS*) were used to host MscS expression in patch-clamp and hypoosmotic shock experiments \[[@B21], [@B30]\]. Site-directed mutagenesis was performed on the *mscS* gene in a pB10b vector by mega-primer PCR method \[[@B31]\]. Successful mutagenesis was verified by DNA sequencing. Mutants were expressed in PB111 or MJF455.

Giant spheroplasts were prepared as described \[[@B32]\]. Briefly, PB111 cells were grown in a modified LB (Luria Bertani) medium containing 0.5% NaCl instead of 1% NaCl \[[@B11]\] in the presence of cephalexin (final concentration: 0.06 mg/mL). After incubation for 1.5 h, IPTG (isopropyl-*β*-D-thiogalactoside) was added (final concentration: 1 mM) to induce MscS expression. The induction time was 10 min. The cells were harvested, digested by lysozyme (0.2 mg/mL), and collected by centrifugation.

The channel activities of MscS were recorded in the inside-out membrane patch mode of the patch-clamp technique as described previously \[[@B31]\]. The pipette solution contained 200 mM KCl, 90 mM MgCl~2~, 10 mM CaCl~2~, and 5 mM HEPES (pH 6.0), whereas the bath solution additionally contained 300 mM sucrose. Negative pressure was applied by using a syringe at various voltages (intracellular potential against extracellular one) ranging from −100 to +40 mV to obtain the gating threshold of MscS and MscL. For the evaluation of the inactivation process, pressure was controlled using High-Speed Pressure-Clamp apparatus (HSPC-1; ALA Scientific Inst. Inc., Westbury, NY) \[[@B33]\], following the protocol by Akitake et al. \[[@B13]\]. Currents were amplified with an AXOPATCH 200B amplifier (Axon Instruments, Foster City, CA), and data were acquired at a sampling rate of 5 kHz with 2 kHz low-pass filtration. The pCLAMP 9 software (Axon Instruments, Foster City, CA) was used for data acquisition and analysis. The MscS/MscL gating threshold ratios were determined by the pressure (proportional to membrane tension) applied through patch pipettes required for the first channel opening of MscS and MscL \[[@B31]\].

Cell viability after hypoosmotic shock was determined by the method described previously \[[@B9], [@B30], [@B34]\]. When cell density reached OD~600~ = \~0.15 in the minimal medium, IPTG (1 mM) was added to induce expression. After 1 h of growth, the cells were diluted 1 : 20 in the prewarmed minimal medium with or without 0.5 M NaCl. A downshock into 0 M NaCl medium was applied to the cells for 5 min. After the downshock, each sample was spread on LB agar plates containing 1 mM IPTG and incubated overnight at 37°C before counting the ratio of colony forming units. The downshock experiment was performed three times for each MscS mutant.

3. Results {#sec3}
==========

Candidate arginine residues (R46, R54, and R74) that are possibly involved in voltage sensing were substituted with asparagine to examine the effects of charge neutralization. Thus, we generated three single mutants (R46N, R54N, and R74N) and one double mutant (R46N/R74N). To examine the effect of these mutations on the gating threshold of MscS, the channel activities were measured while applying negative pressure through a patch pipette to the inside-out membrane patch of the giant spheroplasts expressing the wild-type or mutant MscS. [Figure 2](#fig2){ref-type="fig"}(a) shows typical channel activities of the wild-type MscS at membrane voltage of +20 mV. Upon increasing the negative pressure, MscS appeared first*(arrowhead)*. The channel conductance was \~1 nS. Further increase in the negative pressure opened MscL, which has a conductance of \~2.5 nS*(arrow)*. MscS and MscL were assigned based on the conductance and threshold. Using MscL as an internal standard, the threshold of MscS was expressed as the ratio to that of MscL (MscS/MscL). The threshold of the wild-type MscS was constantly \~0.6 when the membrane (cytoplasmic) potential was scanned between −100 and +40 mV ([Figure 2(b)](#fig2){ref-type="fig"}). The gating threshold of each MscS mutant (R46N, R54N, R74N, and R46N/R74N) was also constant at \~0.6 in this voltage range.

When*E*.*coli*cells are exposed to hypoosmotic condition, they avoid cell lysis by opening MscS and MscL. Consistently, most of MJF455 double-knockout*(ΔmscLΔmscS)* cells harboring an empty vector (pB10b) did not survive upon hypoosmotic shock from 0.5 M to 0 M NaCl ([Figure 2(c)](#fig2){ref-type="fig"}). Hypotonic shock experiments are advantageous to patch-clamp experiments in that the MscS activity can be assessed under native conditions. When the cells expressing MscS mutants were challenged with hypoosmotic shock, the threshold did not differ statistically from that of wild-type MscS (R46N; 100 ± 8%, R54N; 108 ± 7%, R74N; 101 ± 8% and R46N/R74N; 105 ± 13%; [Figure 2(c)](#fig2){ref-type="fig"}), suggesting that the charge neutralization does not alter the MscS activity to a degree at which cell survival is affected.

MscS exhibits prominent voltage-dependent inactivation under depolarizing conditions \[[@B13], [@B19]--[@B21]\]. To test whether the neutralization of the positively charged residues in TM segments modifies the inactivation, we recorded the inactivation at cytoplasmic potentials ranging from --60 to +80 mV. [Figure 3(a)](#fig3){ref-type="fig"} illustrates the current traces of channel activities of the wild-type MscS*(upper trace)*. A rapid decrease in channel current was observed at +60 and +80 mV, whereas the decay in current was significantly slow at negative potentials. R46N MscS also inactivated at +60 and +80 mV but not at negative potentials ([Figure 3(a)](#fig3){ref-type="fig"},*lower trace*). Furthermore, R54N MscS, R74N MscS, and R46N/R74N MscS showed rapid inactivation at positive potentials of +60 and +80 mV (Figure S1) (see Supplementary Material available online at <http://dx.doi.org/10.1155/2016/2401657>). [Figure 3(b)](#fig3){ref-type="fig"} depicts the relationship between voltage and time constant of inactivation when an exponential function is fitted. All MscS mutants showed rapid current decrease at +60 and +80 mV at rates similar to the wild-type MscS.

In the above experiment, the initial phase of inactivation was not resolved because it overlapped with the activation phase. To separate the inactivation process from the activation process, we activated MscS at −20 mV by applying negative pressure and then switched the membrane potential to +60 mV ([Figure 4(a)](#fig4){ref-type="fig"}). The transition from the full open to closed state fitted best to two exponential functions at +60 mV in the wild-type MscS: the fast and slow time constants were *τ* = 0.28 ± 0.03 sec and *τ* = 0.88 ± 0.27 sec, respectively. This observation indicates that voltage-dependent inactivation process has multiple processes. When the same protocol was applied to the R46N MscS ([Figure 4(a)](#fig4){ref-type="fig"} *lower trace*), R54N MscS, R74N MscS, and R46N/R74N MscS (Fig. S2), the current decayed at rates roughly similar to the wild-type MscS.

[Figure 4(b)](#fig4){ref-type="fig"} summarizes the fast and slow time constants of the wild-type and mutant MscS. Either component did not differ significantly between the wild-type and mutant MscS. The above observations indicate that charged residues at TM domains are not involved in the voltage-dependent inactivation process.

4. Discussion {#sec4}
=============

An array of positively charged residues in the S4 segment of voltage-gated ion channels is responsible for voltage-dependent channel activities \[[@B23], [@B24]\]. Voltage dependence of MscS may also be attributed to the positively charged residues in TM1 and TM2 \[[@B27]\]. In the present study, we investigated the role of arginine residues in TM1 and TM2 in the voltage-dependent inactivation of MscS. The channel properties of MscS mutants were examined using patch-clamp technique and cell viability test. Against our prediction, we found that the neutralization of positive charges in TM1 and TM2 has little impact on the voltage dependence of MscS inactivation.

The voltage sensor in voltage-gated sodium, potassium, and calcium channels contains a conserved pattern of 6-7 positively charged residues (Arg or Lys) in their S4 segment \[[@B35]\]. These charges move on a change in the electric potential gradient across the TM domain, resulting in the channel gating. The gating charge of Kv channels has been estimated to be about 12-13 per channel \[[@B36]\]. On the other hand, the opening of MscS is only weakly voltage-dependent and thus the gating charge of MscS is estimated to be as small as about 0.8 per channel \[[@B13]\]. By contrast, the inactivation of MscS is more dependent on voltage and two positive charges are proposed to be transferred \[[@B13]\].

The movement of gating charges is of crucial importance for understanding the mechanism of voltage-dependent inactivation of MscS. The positively charged residues R46, R54, and R74 are predicted to be close to the cytoplasmic surface of the lipid bilayer in the closed resting state. Generally, when a membrane potential shifts from hyperpolarizing to depolarizing condition, TM helices with positive charges move toward the extracellular side \[[@B35]\]. On the other hand, TM1 and TM2 of MscS interact with membrane lipid and the hydrophobic residues at both ends of TM1 and TM2 provide lipid-protein interaction important for mechanosensitivity \[[@B30]\]. Therefore, even if the electrical field is changed, TM1 and TM2 may move little in the direction perpendicular to membrane because of the tight lipid-protein interactions at both ends of the TM helices. This speculation argues against the idea that TM1 and TM2 move on depolarization but is consistent with the present result.

In a molecular dynamics simulation (MD) study, neutralization of R46 and R74 reduces the hydration of the pore and results in loss of conductivity, although they are distant from the pore \[[@B37]\]. However, our results show that neutralizing these positively charged residues does not influence the conductance of MscS. The MD study detected movement of TM1 and TM2 at ±100 mV but not at smaller voltage; the movement was reduced greatly in R46 mutants. This finding also does not fit well our data that inactivation occurs at +60 and +80 mV and that R46N MscS inactivates like the wild-type MscS. These discrepancies may be because the crystal structure used in the MD study is different from the structure in the lipid bilayer or under membrane stretch.

A variety of models of MscS inactivation process have been proposed: (1) shrinking of the cytoplasmic vestibule \[[@B38]\], (2) kink formation between the pore-lining helix TM3a and TM3b, which connects the gate and the cytoplasmic vestibule \[[@B29]\], and (3) electrostatic interaction between the upper surface of the cytoplasmic vestibule and the loop that connects the TM1-TM2 helices \[[@B21]\]. However, none of these models incorporate the charged residues in TM1 and TM2. Thus, we speculate that potential gradient is present not only in TM domain but also in the cytoplasmic vestibule and that the cytoplasmic vestibule is responsible for the voltage dependence of the inactivation process of MscS.

In conclusion, we have shown that the neutralization of the arginine residues in TM1 and TM2 does not influence the stretch activation and voltage-dependent inactivation of MscS. We also found that voltage-dependent inactivation process has two (*fast* and*slow*) components. The structural bases of these components are yet to be determined.

Supplementary Material {#supplementary-material-sec}
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The current traces of the mutant MscS channel (R54N MscS, R74N MscS, and R46N/R74N MscS) when inactivation was induced by applying pressure at various membrane potential (Figure S1) and when inactivation was induced by applying positive voltage after full activation of MscS (Figure S2).
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![Homoheptameric structure of MscS (2OAU, \[[@B39]\]). The residues 46 (*red*), 54 (*Blue*), and 74 (*green*) are shown in space fill representation. The transmembrane (white) and cytoplasmic (green) domains are shown in ribbon representation.](BMRI2016-2401657.001){#fig1}

![Characteristics of the wild-type and mutant MscS expressed in PB111*(ΔmscS)* cells. (a) PB111 cells expressing the wild-type MscS. Channel current*(upper)* and pressure applied through a pipette*(bottom)* are shown. The insets show the magnification of the MscS and MscL traces indicated by*arrowhead* and*arrow*, respectively. Membrane voltage: +20 mV. (b) The gating threshold ratio (MscS/MscL) of the wild-type and mutant MscS at various voltages (−100 to +40 mV). Values are expressed as mean ± SEM (standard error of the mean) (*n* = 5--7). (c) Effects of hypoosmotic shock on MJF455*(ΔmscSΔmscL)* cells expressing MscS or harboring an empty vector (pB10b) (mean ± SEM, *n* = 9). No significant difference was observed between the wild-type and mutant MscS. The asterisks indicate significant difference from the wild-type (*p* \< 0.05 by*t*-test).](BMRI2016-2401657.002){#fig2}

![Inactivation of the wild-type and mutant MscS expressed in MJF455*(ΔmscSΔmscL)* cells. (a) Channel currents*(upper)* of the wild-type and R46N MscS at different voltages ranging from −60 to +80 mV*(middle)*. Subsaturating negative pressure*(bottom)* was applied after the change in voltage. (b) The time constant of inactivation at each voltage. Time constant was faster at depolarizing voltages of +60 and +80 mV (mean ± SEM, *n* = 5--9).](BMRI2016-2401657.003){#fig3}

![Rate of inactivation in the wild-type and mutant MscS expressed in MJF455*(ΔmscSΔmscL)* cells. (a) Macroscopic currents of wild-type*(upper)* and R46N MscS*(bottom)*. Voltage was changed from −20 to +60 mV*(upper middle)* in the presence of pressure*(lower middle)*. Red traces show the traces at the pressure where MscS was activated fully (−183 mmHg in wild-type and −203 mmHg in R46N MscS). (b) Time constant of fast and slow components of the wild-type and mutant MscS (mean ± SE, *n* = 5--7) as determined by fitting current traces to two-exponential functions.](BMRI2016-2401657.004){#fig4}
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